ABSTRACT SFPQ, (a.k.a. PSF), is a human tumor suppressor protein that regulates many important functions in the cell nucleus including coordination of long noncoding RNA molecules into nuclear bodies. Here we describe the first crystal structures of Splicing Factor Proline and Glutamine Rich (SFPQ), revealing structural similarity to the related PSPC1/NONO heterodimer and a strikingly extended structure (over 265Å long) formed by an unusual anti-parallel coiledcoil that results in an infinite linear polymer of SFPQ dimers within the crystals. Small-angle X-ray scattering and transmission electron microscopy experiments show that polymerization is reversible in solution and can be templated by DNA. We demonstrate that the ability to polymerize is essential for the cellular functions of SFPQ: disruptive mutation of the coiled-coil interaction motif results in SFPQ mislocalization, reduced formation of nuclear bodies, abrogated molecular interactions and deficient transcriptional regulation. The coiled-coil interaction motif thus provides a molecular explanation for the functional aggregation of SFPQ that directs its role in regulating many aspects of cellular nucleic acid metabolism.
INTRODUCTION
Splicing Factor Proline and Glutamine Rich (SFPQ) is an abundant ubiquitous nuclear protein that is essential for life in vertebrates (1, 2) . In mammals, SFPQ regulates key pathways such as circadian rhythms (3) and pluripotency in hESCs (4) . First identified as a splicing factor associated with polypyrimidine tract-binding protein (5) , SFPQ has been implicated in myriad nuclear functions, including DNA repair, transcriptional regulation, splicing and RNA transport (6) . A common feature in these varied molecular functions is the ability to interact with nucleic acids. SFPQ interacts with dsDNA at the promoters of a number of genes, where it exerts control over transcriptional regulation (7) (8) (9) . SFPQ is also a key player in double-strand break repair pathways, interacting directly with DNA and DNA repair proteins (10, 11) and rapidly localizing to sites of DNA damage in cells (12) . SFPQ also interacts with long non-coding RNAs (lncRNAs) in many scenarios: with NEAT1 lncRNA as an essential factor for subnuclear 'paraspeckle' formation (knockdown of SFPQ results in the loss of paraspeckles (13)), with CTBP1-AS in advanced prostate cancer (14) , with MALAT1 in metastasis (15) and VL30-1 retroelement lncRNA in oncogenesis (7) .
SFPQ is one of the three homologous mammalian proteins that belong to the 'Drosophila-Behavior, HumanSplicing (DBHS)' family, the other two being NONO and PSPC1. The three DBHS proteins share a common core structural 'DBHS' region of ∼300 amino acids, which encompasses two RNA recognition motif domains (RRM1 and RRM2), a conserved region termed NONO/paraspeckle (NOPS) domain and an extensive region of coiled-coil. Outside this conserved region, the three proteins contain varying quantities of low complexity sequence (SFPQ is 707 amino acids long and contains proline/glutamine-and glycine-rich regions; NONO contains histidine/glutamine-rich and proline-rich regions; PSPC1 contains proline/alanine-and glycine-rich regions) and a C-terminal nuclear localization signal.
The DBHS proteins are obligate dimers, capable of homo-and heterodimerization in vitro (16) (17) (18) . Dimerization is mediated by RRM2, NOPS and part of the coiledcoil, regions which are also required for stable protein structure. We have previously identified and characterized a heterodimer of PSPC1 with NONO, that included the dimerization domain and RRM1 for both molecules (18) . We observed that the NOPS domain forms an extensive peptide-like interaction with RRM2 of the other subunit in the dimer and the final 50 amino acids of these truncated proteins form an unusual antiparallel right-handed heterodimeric coiled-coil. Studies inspired by this unusual structure provided a hint that predicted coiled-coil beyond the dimerization domain could be important for the ability of DBHS proteins to be targeted to paraspeckles (18) .
It is rapidly emerging that the ability of RNA-binding proteins to form and be targeted to RNA-protein granules, such as paraspeckles in the nucleus and stress-granules in the cytoplasm, is directly linked to their propensity for 'functional aggregation' (19) . Indeed, a number of proteins that are critical components of paraspeckles have been identified to have low complexity domains with a propensity for aggregation in addition to their nucleic acid-binding domains, and mutation of these proteins and concomitant misregulation of gene expression in motor neurons, has been linked to the cause of amyotrophic lateral sclerosis (ALS) (19, 20) .
In order to investigate the precise role of coiled-coil mediated aggregation of DBHS proteins in nuclear organization and gene regulation, we embarked on a study in which we have solved the first crystal structures of SFPQ including a remarkable extended coiled-coil polymerization domain. We complement this work with studies of its solution structure and in vitro DNA binding activity and a suite of cellular assays, all of which combine to provide a molecular basis for SFPQ's multifunctional role in the nucleus, with a common theme of functional aggregation via reversible and dynamic polymerization.
MATERIALS AND METHODS

Construct design and plasmid construction for expression
Human SFPQ constructs were cloned into pCDF-11 (EMBL) using standard molecular cloning techniques. The full-length cDNA of human SFPQ was used as a template in polymerase chain reaction (PCR). Five constructs were generated, coding for the following truncated proteins: SFPQ-276-535, SFPQ-276-598, SFPQ-369-598, SFPQ-214-535 and SFPQ-214-598. Each construct was cloned into pCDF-11 using NcoI and XhoI sites. pCDF11-SFPQ-214-598 quadruple mutant (L535A, L539A, L546A, M549A) was generated by QuikChange site-directed mutagenesis (Agilent) using complementary oligonucleotides containing the base-pair substitutions. All constructs were verified by DNA sequencing. The construction of pETDuet-1-NONO-53-312 was described elsewhere (17) .
Protein expression and purification
Each protein was expressed in Rosetta TM 2 (DE3) (Merck Millipore) and purified using nickel-affinity chromatography followed by size exclusion chromatography. The cells were grown in LB broth with 50 g/ml spectinomycin and 50 g/ml chloramphenicol at 37
• C and induced with 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) at an Abs 600 of 0.6-0.8. After further incubation at 25
• C for 16 h, the cells were harvested by centrifugation at 3000 × g. The cell pellet was resuspended in buffer A (20 mM Tris-HCl (pH 7.5), 250 mM NaCl, 10% glycerol), disrupted using an Avestin C5 homogenizer and clarified by centrifugation at 30 000 × g. The soluble fraction was then applied to a nickel-chelating column (Hi-Trap HP, GE healthcare). SFPQ was eluted using a gradient of 25-500 mM imidazole in buffer A. Pooled fractions were subjected to tobacco etch virus (TEV) protease digestion with 1:100 ratio (w/w) at RT overnight. His-tagged TEV protease and uncleaved SFPQ were removed by nickel-affinity chromatography. Concentrated flow-through fractions were then applied to a 16/60 Superdex 200 column and developed with 20 mM Tris-HCl (pH 7.5), 250 mM NaCl. For co-expression of SFPQ with NONO-53-312, pETDuet-1-NONO-53-312 was co-transformed with the appropriate pCDF-11-SFPQ constructs into Rosetta TM 2 (DE3) (Merck Millipore) and the SFPQ/NONO heterodimer purified as described above. Typically, the His-SFPQ was expressed at higher levels than the untagged NONO, resulting in two distinct peaks (SFPQ/NONO heterodimer and SFPQ homodimer) eluting the Ni-affinity purification. The fractions of the first peak that contained the heterodimer were pooled and further purified as above.
Crystallization and data collection
Crystals for SFPQ-276-535 were obtained from hangingdrop vapor diffusion experiments at 20
• C using a reservoir solution of 1.9 M Ammonium sulfate, 0.2 M Tris-HCl (pH 8.5) and 20% (v/v) ethylene glycol. Typically 2 l protein (4 mg/ml) was mixed with 2 l reservoir solution and equilibrated against 1 ml reservoir solution. Crystals for SFPQ-276-598 were obtained from sitting-drop vapor method at 20
• C using a reservoir solution of 26% 1,4-dioxane, 50 mM MOPS (pH 7.0), 5 mM MgCl 2 and 1 mM spermine. Six microliters protein (8.7 mg/ml) was mixed with 3 l reservoir solution and equilibrated against 0.5 ml reservoir solution. Crystals for SFPQ-369-598 were also optimized using sitting-drop vapor method at 20
• C. Six microliters protein (6.7 mg/ml) was mixed with 3 l reservoir solution (22% PEG3350 and 0.2 M Na 2 HPO 4 , pH 9.1) and equilibrated against 0.5 ml reservoir solution. Diffraction data were recorded at the Australian Synchrotron on crystals cooled to 100 K. Datasets for SFPQ-276-598 and SFPQ-369-598 (Crystal 1 and Crystal 2) were collected on beamline MX2 and SFPQ-276-535 (Crystal 3) was collected on MX1. The data were processed using XDS (21) ; the space group evaluated with POINTLESS (22) and the data merged and scaled using SCALA (22) . SFPQ-276-598 (Crystal 1) was crystallized in space group P4 3 2 1 2 with unit cell dimensions a = b = 66.58Å, c = 398.02Å. SFPQ-369-598 (Crystal 2) belonged to space group C222 1 with unit cell dimensions a = 127.40Å, b = 180.42Å, c = 57.03Å. SFPQ-276-535 (Crystal 3) belonged to space group P2 1 2 1 2 1 with unit cell dimen-sions a = 63.45Å, b = 67.61Å, c = 119.53Å. Data collection and processing statistics are summarized in Table 1 .
Crystallographic structure solution, refinement and validation
The crystal structures were solved by molecular replacement using PHASER (23) . For SFPQ-276-535 (Crystal 3), the structure of PSPC1/NONO (PDB code: 3SDE (18)) was used as search model. Two monomers (one dimer) were found in the rotational search (Z-score 25) and the translation search confirmed the space group to be P2 1 2 1 2 1 . At this stage, the residues which differ in identity from the search model were mutated to alanine and the resulting model was subjected to iterative model building with COOT (24) and refinement with autoBUSTER (25) . The final model includes two chains with residues 276-528 in Chain A and 285-529 in Chain B, one sulfate, eight ethylene glycol and 176 water molecules. Structure solution for SFPQ-276-598 (Crystal 1) and SFPQ-369-598 (Crystal 2) utilized the structure of SFPQ-276-535 (Crystal 3) as search model in molecular replacement. In the case of SFPQ-369-598 (Crystal 2), the search model was further modified by deleting the first RRM. The extended coiled-coil helices were built in manually with help of COOT. Iterative model building with COOT and refinement with autoBUSTER was performed. The final model for SFPQ-276-598 includes two chains with residues 292-589 in Chain A and 292-592 in Chain B. SFPQ-369-598 also has two chains in the asymmetric unit modeled with residues 370-597 in Chain A and residues 370-594 in Chain B. All final models were validated using MOLPROBITY (26) . The refinement statistics are included in Table 1 . Coordinates were manipulated with PDB-MODE (27) . Sequence alignments were edited with ALINE (28).
Small-angle X-ray scattering data collection
SAXS experiments were carried out at the SAXSWAXS beamline of the Australian Synchrotron on a dilution series of protein sample. Scattering from a dilution series [6.0, 3.0, 1.5, 0.75, 0.38, 0.19 mg/ml of SFPQ-276-598/NONO-53-312 in 20 mM Tris-HCl (pH 7.5) and 250 mM NaCl] was carried out. Sample flowed through a glass capillary at a constant rate of 5 l/s with data from 10 consecutive 1 s exposures collected on a Pilatus 1M detector and processed using ScatterBrain software (written and provided by the Australian Synchrotron; available at http://www. synchrotron.org.au/). All data were placed on an absolute scale using an empirical calibration factor derived from scattering by water in the identical experimental setup and normalized to the beamstop intensity. Solvent-subtracted and averaged data were exported for analysis.
SAXS data analysis
Data were analyzed with the ATSAS suite (29) (Supplementary Figure S1 and Supplementary Table S1). Guinier and P(r) analyses were performed using PRIMUS and GNOM, model fits to the scattering profiles used CRYSOL and ab initio structure calculations used DAMMIF. The lowest concentration shows flattening in the lowest q-regime of a log-log plot characteristic of a uniform sized scattering particle and the I(q) vs q profile shown ( value of 0.970) demonstrates excellent fit to a model of the heterodimer derived directly from the SFPQ crystal structure. Further, the Guinier and P(r) distribution determined R g and I(0) values are in excellent agreement (Supplementary Table S1 ) and the P(r) distribution has the characteristic shape of a mostly globular molecule with an extended tail; a single peak at 30-40Å with a long tail extending to a d max of 140Å. For ab initio shape reconstruction, the 0.38 mg/ml data was used, as its Porod volume (1093310Å 3 ) is commensurate with the molecular mass of the heterodimer (Porod 65.6 kDa versus calculated 68.5 kDa). The filtered average model from all 10 independent calculations (normalized spatial discrepancy (NSD) values of 0.96 +/− 0.5) shows the expected globular body with an elongated tail. With increasing protein concentration, the flattening of the lowest q-regime is lost, R g values steadily increase (Supplementary Table S1 ), the heterodimer model fit is poor with χ -values increasing sharply and I(0)/c also steadily increasing. These results indicate steadily increasing concentration-dependent protein associations. Somewhere between the 1.5 and 3.0 mg/ml samples, the value of I(0)/c doubles, consistent with the formation of tetramers. Increasing protein concentration also gives rise to a secondary peak in P(r) around 100Å that increases in intensity along with the steadily increasing maximum rvalue. These changes in P(r) are consistent with the formation of an increasing population of extended tetramers in which the globular domains of each dimer are separated in space. The secondary peak in P(r) near 100Å would correspond to the approximate separation of the centers of scattering density (mass) for these globular domains, as is observed in the crystal structures. At the highest concentration measured, higher order associations are indicated by the continuing increases structural parameters, including I(0)/c. The presence of multiple species in the higher concentration solutions prohibits more detailed modeling of the tetramer species.
Electrophoretic mobility shift assay
A 6-carboxyfluorecein (6-FAM TM )-labeled 61-bp DNA probe (the promoter region of the human proto-oncogene GAGE6 (7) was chemically synthesized (Integrated DNA Technologies). A total of 50 fmol of the FAM-labeled DNA probe was incubated with SFPQ/NONO in a volume of 10 l in electrophoretic mobility shift assay (EMSA) buffer (20 mM HEPES (pH 7.5), 50 mM KCl, 5 mM MgCl 2 , 0.5 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), and 5% glycerol) at RT for 30 min. The reactions were analyzed by 4-20% gradient polyacrylamide gel electrophoresis (PAGE) (BioRad) in Tris-glycine buffer (25 mM Tris, 0.192 M glycine, pH 8.3). Fluorescence was detected using Typhoon Trio (GE healthcare) with excitation and emission at 488 and 520 nm, respectively.
Transmission electron microscopy
Samples were prepared in 20 mM Tris-HCl (pH 7.5), 250 mM NaCl, 0.5 mM EDTA at the following concentrations: double-stranded DNA; pCDF11 plasmid linearized with XhoI (New England Biolabs); 10 nM. Protein alone (SFPQ-214-598 or SFPQ-214-598mut or SFPQ-276-598); 3 M. Protein/DNA complex: 600 nM protein and 16 nM DNA. Freshly prepared samples were incubated at 4
• C for 30 min before application to glow-discharged carbon-covered 150-mesh copper grids. Grids were negatively stained with 1% (w/v) uranyl acetate. Images were obtained with a JEOL 2100 transmission electron microscope operated at 120 keV.
Plasmids for fluorescent protein fusions
Plasmids for fluorescent protein fusion experiments were generated with the Gibson Assembly cloning method (New England Biolabs) using the pEYFP-NLS plasmid in the case of truncated proteins and the pEGFP-C1 (Clontech) vector in the case of full-length proteins. pEYFP-NLS vector was generated by inserting the SV40 large T-antigen nuclear localization signal into pEYFP-C1 (Clontech). pEYFP-NLS-SFPQ-276-555, 276-565, 276-585 and 276-598 were made by assembling the PCR products of SFPQ encoding the corresponding residues into the linearized pEYFP-NLS by EcoRI and BamHI. The same strategy was applied to generate pEYFP-NLS-SFPQ-276-598mut (L535A, L539A, L546A, M549A) with the exception of using pCDF11-SFPQ-214-598mut as the PCR template in place of the wild-type construct. To make the siRNAresistant SFPQ plasmids, silent mutations in residues 446-451 were introduced (this region is the target for the SFPQ siRNA used in this study, see below). Two sets of PCR primers were designed to amplify two halves of the fulllength SFPQ. The reverse primer for the first half (1-451) and the forward primer for the second half (446-707) had 18 overlapping nucleotides with the designated silent mutations in residues 446-451. The two PCR fragments were then cloned into the linearized pEGFP-C1 vector by EcoRI and BamHI using the Gibson Assembly cloning method (New England Biolabs). The quadruple mutant version of siRNA-resistant SFPQ was also generated by the same strategy, using the quadruple mutant SFPQ plasmid as the PCR template. pEYFP-NLS-PSPC1-61-340 was made previously (18) . peYFP-NLS-PSPC1-61-340 mutant (M320A, L324A, L331A, M334A) was generated by QuikChange site-directed mutagenesis (Agilent) using complementary oligonucleotides containing the base-pair substitutions. All constructs were verified by DNA sequencing.
SFPQ and PSPC1 localization assay
HeLa cells (cultured in DMEM supplemented with 10% fetal calf serum (FCS)) were seeded at 1.5 × 10 5 /well on coverslips in a 12-well plate. Twenty-four hours later, transfection with plasmids encoding the various peYFP-C1-NLS-SFPQ truncations was carried out using Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions, using 300 ng of plasmid DNA per well. Sixteen hours post-transfection, cells were washed with phosphate buffered saline (PBS), fixed with cold 4% paraformaldehyde for 10 min, washed with PBS and permeabilized with cold 70% ethanol for 16-24 h at 4
• C. Cells fixed on coverslips were then subjected to NEAT1 FISH (Fluorescence in situ hybridization) using Stellaris FISH probe--human Neat1 5 Segment with Quasar 570 Dye (Biosearch Technologies) according to the manufacturer's instructions. Cell imaging and capture (z-stacks) were carried out using a 60× objective and the DAPI, FITC and TRITC filters on the NIKON Ti-E wide-field fluorescent microscope, followed by analysis with NIS elements software. Only cells with very low levels of expression were selected for imaging to avoid overexpression artifacts.
siRNA treatment, qPCR and western blotting analysis
For knockdown experiments, all transfections were done in triplicate with at least three biological replicates. 2.5 × 10 5 HeLa cells (cultured in DMEM supplemented with 10% FCS) were seeded in each well of a 6-well plate and siRNA transfection was carried out with the 'reverse' technique using 4 l Lipofectamine 2000 (Life Technologies) and either 24 pmol scrambled siRNA (Stealth siRNA Negative control Med GC, Life Technologies) or SFPQ Stealth siRNA (UGUUCAAGUGGUUCCACAAUGACUG, Life Technologies). In some transfections, 500 ng of plasmid encoding green fluorescent protein (GFP), siRNAresistant GFP-SFPQ or siRNA-resistant GFP-SFPQmut were also added to the transfection mix. Four hours posttransfection, medium was replaced with fresh DMEM/10% FCS. At 48 h post-transfection either RNA or protein purification of the samples was carried out. RNA was purified using TRISURE reagent (BIOLINE, according the manufacturer's instructions). A total of 500 ng of RNA was then reverse transcribed (QuantiTect Reverse Transcription Kit; Qiagen) according to the manufacturer's instructions. The relative expression levels of SFPQ (qPCR primers: forward GAGGAGAAGATCTCGGACTCG, reverse: CGACATCGCTGTGTGTAAGTTT), ADARB2 (qPCR primers: forward ATATTCGTGCGGTTAAAAGAAG-GTG, reverse ATCTCGTAGGGAGAGTGGAGTCTTG) and GAPDH (qPCR primers: forward ATGGGGAAG-GTGAAGGTCG, reverse GGGGTCATTGATGGCAA-CAATA) were measured by qPCR using SYBRgreen dye (BIOLINE) on the Rotor-Gene cycler. GAPDH expression levels were used to normalize the SFPQ and ADARB2 expression levels in all samples. In experiments in which plasmids had been co-transfected, cells were visualized under a fluorescent microscope with a FITC filter to assess the transfection efficiency. To assess relative protein expression levels, lysates were prepared from transfected HeLa cells by first rinsing with PBS, followed by cell disruption in 2× sodium dodecyl sulphate (SDS) loading dye (100 mM Tris pH 6.8, 4% w/v sodium, dodecyl sulfate, 0.2% w/v bromophenol blue, 20% v/v glycerol, 200 mM ␤-mercaptoethanol), followed by removal of the DNA in a QIAshredder column (Qiagen). Samples were heated at 100
• C for 3 min and used for SDS-PAGE protein gel electrophoresis (NUPAGE 4-12% gradient, MOPS gels, Life Technologies) and subject to western blotting with anti-GFP (Roche) and anti-Beta Actin (AC-15, Abcam) followed by anti-mouse 800 Fluorescent Secondary Antibody (Licor). Western blots were visualized using the Odyssey System (Licor) and Analysis Software.
For SFPQ siRNA knockdown and paraspeckle rescue experiments, cells were grown on coverslips in 6-well plates, then transfected with siRNA against SFPQ (as above) using the RNAimax reagent according to the manufacturer's instructions (Life Technologies). Forty-eight hours following siRNA transfection, cells were then transfected with plasmids encoding GFP, GFP-SFPQ or GFP-SFPQ mutant, followed by fixation and processing for NEAT1 FISH 14 h later. Following imaging with identical exposure times, the number of NEAT1 foci (as defined by Softworx 'define polygon' function with constant thresholds) per nucleus was counted for each condition (n = 30).
RESULTS
The crystal structure of SFPQ reveals a novel coiled-coil interaction motif
Three truncated versions of SFPQ were generated, encompassing various regions of the key domains: the DNAbinding domain (DBD), RRMs, a protein interaction domain (NOPS) and an extended coiled-coil domain (Figure 1a) . Crystal structures of three different length SFPQ proteins, termed Crystal 1, 2 and 3, were solved by molecular replacement to 3.5, 3.0 and 2.1Å resolution, respectively, using the structure of a PSPC1/NONO heterodimer (PDB 3SDE) as a search model (Table 1 ). These structures demonstrate that SFPQ forms symmetrical dimers (Figure 1b, d and e) , where the overall conformation and principal dimer interface is similar to that observed in the structure of a PSPC1/NONO heterodimer in our previous study (18) (Figure 1c) . A root-mean-square-deviation of 1.8Å for 442/494 C␣ atoms reflects the 70% sequence identity in this conserved region of the family. The highly unusual spatial arrangement of RRM domains is therefore confirmed as being a common feature of DBHS protein homo-and heterodimers.
However, the two structures of longer SFPQ proteins (Crystal 1: PDB code 4WIJ and Crystal 2: PDB code 4WIK), display remarkable extended ␣-helical regions of over 110 amino acids in a single helical span. As a result of the ␣-helix beginning in the dimerization domain, where it forms an unusual right-handed antiparallel coiled-coil, the C-termini of the two molecules in the dimer extend over 260Å apart (Figure 1d and e) . Each of the crystal structures contains two independent SFPQ molecules (as a homodimer) in the asymmetric unit and the extended ␣-helix, which we term the polymerization domain, participates in numerous intermolecular contacts within the crystal (e.g. Figure 1f ). Evaluation of the potential biological relevance of these interactions with PISA (30) indicates that the majority are typical low affinity polar crystal contacts. However, in addition to the dimer interface that is common to all DBHS structures ( i G = −42.7 kcal/mol; P-value = 0.05), two novel interactions are identified as stable with a 'complex significance score' of 1. While one of these potential interfaces ( i G = −7.1 kcal/mol; P-value = 0.44) is only observed in Crystal 2, the other one is, notably, observed in both Crystal 1 and Crystal 2 ( i G = −7.6 kcal/mol; P-value = 0.29), giving us further confidence of its significance (Figure 2 ). The residues involved in this latter high-confidence interface, 528 to 555, belong to a region of high sequence-conservation (Figure 2a) and inspection of the structure reveals a coiled-coil motif immediately Cterminal to the dimerization domain of the structures (Figure 2b and c) . This motif interacts with the next dimer in the unit cell in a specific, homotypic antiparallel left-handed coiled-coil that is readily detected from the structure by the program SOCKET (31) . The result is a linear polymer of SFPQ running through the crystals. We hereafter refer to this 528 to 555 region as the coiled-coil interaction motif (Figures 1d and 2 ). Although we note that the use of crystal contacts to infer biologically-relevant macromolecular interactions is open to question, the observation of identical sequence-conserved interfaces in two unrelated crystal forms from two differently-truncated proteins provides considerable validation that this interaction is likely to be biologically relevant.
Solution studies reveal a reversible coiled-coil mediated interaction at moderate concentrations
While the observation of coiled-coil based polymerization is consistent with SFPQ being an essential 'building' component of nuclear bodies such as paraspeckles, it raises questions regarding additional SFPQ function: the roles of SFPQ in the nucleus are diverse and have been shown to be dynamic, involving mobility between paraspeckles, nucleoli and sites of action, such as double strand breaks in DNA and sites of transcription (12, 32) . To address the question of whether SFPQ proteins can reversibly associate and dissociate, we measured a small-angle X-ray solution scattering dilution series on a dimeric protein sample where only one of the monomers includes the complete polymerization domain, while the other only includes the dimerization domain ( Figure 3, Supplementary Figure S1 , and Supplementary Table S1 ). This was achieved by exploiting the apparent preference of SFPQ and NONO to heterodimerize. Thus co-expressing the same SFPQ protein used for Crystal 1 along with the dimerization domain of NONO results in formation of SFPQ-276-598/NONO-53-312 heterodimers. We note that the SFPQ/NONO heterodimer may in fact be more physiologically relevant than the SFPQ homodimer, as SFPQ was first discovered as a heterodimer with NONO (33) and many studies since have observed SFPQ and NONO colocalized and co-purified (12, 34) .
At lower concentrations, the solutions display scattering consistent with pure heterodimers, having a characteristic shape of a mostly globular molecule with an extended tail (Figure 3a and b) , with excellent fit to an appropriate atomic model derived from the SFPQ-276-598 structure. At higher concentrations, protein association occurs: the appearance and increasing intensity of a peak in the pair distribution function around 100Å is consistent with the formation of an increasing population of extended tetramers generated by interaction of the coiled-coil interaction motif, as observed in our crystal structures. At the highest concentrations measured, further higher order associations are observed. These associations are not surprising as there are many polar interactions observed in both crystal structures and an additional region of potentially relevant coiled-coil in Crystal 2 which could allow non-specific aggregation into larger particles at higher concentrations (Figure 3a and c) . The presence of these multiple species in the higher concentration solutions convolutes the X-ray scattering profile and so prohibits more detailed modeling of the tetramer species.
Nevertheless, as the lowest concentration samples were obtained by dilution from the highest, the associations observed are demonstrated to be reversible. A potential basis for this reversibility can be found in the amino acid bias in this region of DBHS proteins compared to other coiled-coil proteins (35) : over-representation of relatively polar glutamine and methionine residues and under-representation of apolar alanine and leucine may explain the ability of the unpaired coiled-coil to remain in aqueous solution. This study paints a picture of reversible dynamic equilibrium between soluble dimeric protein and coiled-coil associated tetramers, dependent on concentration. The coiled-coil interaction motif is important for optimal DNA-binding in vitro SFPQ, reported to bind DNA as well as RNA, acts in transcriptional regulation of genes--both repression and activation--by direct interaction with promoter regions (7, 36, 37) . In this regard, a key defining structural feature of SFPQ, different with respect to the related proteins NONO and PSPC1, is a unique region immediately N-terminal to the RRM1 that encodes a putative DBD (12, 32) . Our attempts to crystallize a protein containing this complete DBD, while unsuccessful, allowed us to determine the structure of Crystal 3 encompassing residues 276-535, lacking the polymerization domain but including 10 amino acids of the DBD (Figure 1b) . Unlike in the structure of SFPQ-276-598, where the first 16 amino acids (276-291) prior to the RRM1 are not observed in the electron density, this Nterminal region in SFPQ-276-535 revealed a short ␣-helical structure. It is notable that this short stretch of sequence in SFPQ is conspicuously divergent from NONO and PSPC1 (Supplementary Figure S4) .
To examine the significance of the intact DBD and the polymerization domain for DNA binding, we next tested the ability of a number of the SFPQ constructs to bind to promoter DNA using an EMSA with the GAGE6 promoter--a reported SFPQ target gene (7)--as a probe (Figure 4) . In order to limit extensive unworkable polymerization, we again used heteromeric SFPQ/NONO proteins, where NONO is unchanged (dimerization domain, 53-312) and SFPQ is varied: SFPQ-214-598 comprises DBD, dimerization domain and polymerization domain, SFPQ-214-535 comprises DBD and dimerization domain, and SFPQ-276-535 matches Crystal 3 (dimerization domain) (Figure 1b) . To specifically address the role of the coiledcoil interaction motif in the polymerization domain, a mutated variant SFPQ-214-598mut was also generated, where the four key residues of the motif--L535, L539, L546 and M549 (Figure 2a )--were substituted to alanine. These four hydrophobic residues are the 'knobs' that stick into 'holes' that stabilize coiled-coil interactions. The alanine mutation was designed to maintain ␣-helical structure while disrupting the ability to form the coiled-coil interaction.
We observed maximal DNA binding with SFPQ protein that contains both the full DBD and the polymerization domain (SFPQ-214-598; Figures 1-4) . Interestingly, increasing protein concentration of SFPQ-214-598 resulted in multiple bands in the EMSA, indicating that more than one SFPQ-214-598 molecule is capable of interacting with the 61-bp probe. These higher order species are likely to be no more than two heterotetramers due to steric considerations for this size protein on a 61-bp probe (Supplemen- tary Figure S2 ). Removal of most of the DBD but including the short stretch of ␣-helix (SFPQ-276-598) abolished DNA binding (Figure 4-4) .
Most interestingly, deletion of the polymerization domain significantly impaired DNA binding, despite the inclusion of the full DBD (SFPQ-214-535; Figures 2-4) . We further validated this observation by showing that SFPQ-214-598mut (Figures 3 and 4 ) also has significantly impaired DNA-binding ability: only a single protein:DNA complex is observed at higher concentrations of the mutant, presumably corresponding to a single heterodimer bound to the 61-bp probe. We also note that at higher concentrations, the presence of the impaired polymerization domain in SFPQ-214-598mut results in less aggregation (protein/DNA retained in the well of the gel) than when it is completely absent (SFPQ-276-535). The disfunctional polymerization domain could be acting as a steric barrier to non-specific protein:protein interactions.
Noting that the EMSA shows multiple binding events and considering that SFPQ is enriched over thousands of bases around transcription start sites (38) , and that SFPQ accumulates at double-strand breaks where no sequence conservation can be expected, we sought to visualize the interaction of SFPQ with bulk double-stranded DNA using negative-stain transmission electron microscopy ( Figure  5 ). SFPQ containing the full DBD as well as the polymerization domain (SFPQ-214-598, the optimal DNA-binding protein in the EMSA assay) clearly forms a thick contiguous coating of protein around linearized plasmid DNA (Figure 5a ). The protein coat is 17 nm thick and typically 350 nm or longer in length. In remarkable contrast, the equivalent coiled-coil quadruple mutant of this protein exists as individual protein particles of 20 nm, occasionally associated with DNA (Figure 5b) , demonstrating the importance of the coiled-coil interaction motif to this DNA coating property of SFPQ. In the absence of DNA, SFPQ-214-598 forms amorphous aggregates composed of protein particles at 10 nm separation (Figure 5c ), While it is hard to judge the concentration-dependent effects on protein interactions in the dehydrated environment of the electron microscopy grid, it is clear that wild-type protein alone is unique in demonstrating regular, reproducible, coating of DNA. The thickness of the fiber (17 nm) is approximately as would be expected for a sleeve of protein, a single dimer thick (7 nm) surrounding DNA duplex (2 nm).
Overall these in vitro results illustrate a synergistic dependency between the DBD and coiled-coil interaction motif for optimal DNA-binding. This can be interpreted as the coiled-coil interaction promoting a more avid interaction by colocalizing multiple DBDs along a piece of DNA. Extrapolation of this notion to native proteins capable of forming polymers and thus highly avid multivalent interactions, is commensurate with their role in forming large nucleoprotein complexes in the cell nucleus.
Polymerization of SFPQ is important for optimal transcriptional activation in cell culture
We next tested the functional significance of the coiledcoil interaction motif on the ability of SFPQ to mediate transcriptional regulation in cells. We used the RNA levels of the SFPQ target gene, ADARB2 (37) , in HeLa cells as a readout of SFPQ transcriptional activation in a series of knockdown-rescue experiments ( Figure 6 ). ADARB2 is an enzymatically-impaired adenosine deaminase protein, whose expression is reduced by SFPQ depletion or subnuclear sequestration and whose functional depletion is associated with ALS (8, 39) .
We first showed that knockdown of SFPQ resulted in a five-fold reduction in ADARB2 levels (Figure 6a and  b) , and then tested the ability of transiently expressed full-length SFPQ and quadruple mutant full-length SFPQ Figure 5 . The coiled-coil interaction motif in SFPQ promotes the regular coating of double-stranded DNA, as revealed by transmission electron microscopy. Scale bars are 100 nm throughout. Images are representative of a homogeneous and numerous fields of view. (a) SFPQ-214-598, containing both DBD and coiled-coil polymerization domain coats double-stranded DNA in a single layer of protein, forming 17 nm think fibers for contiguous regions of around 400 nm. Naked DNA can be seen protruding from the end. (b) SFPQ-214-598mut, where the coiled-coil interaction motif is impaired by mutation, is unable to form fibres, instead existing as individual protein dimers (∼20 nm) which occasionally associate with DNA. (c) In the absence of DNA, SFPQ-214-598 forms poorly ordered aggregates.
(L535A/L539A/L546A/M549A), to rescue ADARB2 expression. Both constructs contain silent mutations in the siRNA target region to render them siRNA resistant, allowing complementation of the knockdown. We found wildtype SFPQ restored ADARB2 mRNA levels to over 60% of endogenous levels, whereas the quadruple mutant SFPQ has significantly impaired capacity to recover the activity (Figure 6a, compare lanes 3 and 4) .
Despite both SFPQ variants being over-expressed at similar protein levels (Figure 6c) , the polymerization-deficient mutant was unable to restore ADARB2 at a level similar to wild-type protein. SFPQ binds directly to the ADARB2 promoter, as demonstrated by chromatin immunoprecipi- tation (37) . Beyond this binding, the precise mechanism of SFPQ activation of the ADARB2 gene is unknown. One possibility suggested by our data is that the polymerization of SFPQ at the ADARB2 promoter may facilitate recruitment of other proteins involved in transcriptional activation, however this is yet to be tested.
Localization of SFPQ to existing paraspeckles requires both a functional coiled-coil interaction motif and a full-length polymerization domain
In previous studies we showed that YFP-tagged Cterminally truncated versions of PSPC1 require additional sequence beyond the dimerization domain in order to be localized to paraspeckles (18) . This shortest paraspeckletargeting construct of PSPC1 (PSPC1-61-340, schematically marked as protein '1' in Figure 7a ) contains the dimerization domain as well as the equivalent residues to the SFPQ coiled-coil interaction motif (Figure 2a) . We therefore introduced the equivalent quadruple substitution of key leucine and methionine residues to alanine within PSPC1-61-340 and observed that, when tagged with YFP and overexpressed in HeLa cells, this construct is no longer able to be targeted to paraspeckles (Figure 7a) . Clearly, the coiled-coil interaction motif is absolutely essential for PSPC1 localization to paraspeckles. Fully expecting a similar observation for SFPQ, we made the same length YFPtagged SFPQ (the protein '1' version of SFPQ; SFPQ-276-565; Figure 7a and Supplementary Figure S3 ), but were surprised to observe that this length of SFPQ construct does not localize to paraspeckles (Figure 7a) , despite including the coiled-coil interaction motif. This led us to speculate that additional sequence within the polymerization domain may be playing a role in paraspeckle targeting by SFPQ. Indeed, adding more and more coiled-coil, by increasing the length of polymerization domain improves paraspeckle localization progressively (proteins '2'-'4', Figure 7a ) until a native-like distribution is observed for SFPQ-267-598 (protein '5'; complete polymerization domain, Figure 7a ). It is possible that the additional potential coiled-coil based interaction observed only in the Crystal 2 structure around residues 565-585 may be playing a role in paraspeckle localization. However, given its relatively low P-value from PISA analysis and the fact that its detection as a coiled-coil by SOCKET is marginal (distance cut-off 8.5Å required), an alternative possibility is that this region could interact with other proteins in the cell, enabling paraspeckle targeting. Nevertheless, once robust paraspeckle targeting by SFPQ could be achieved (protein '5'), the importance of the coiled-coil interaction motif was again highlighted, as the protein '5' SFPQ quadruple mutant was unable to be targeted to paraspeckles (Figure 7a ). Thus paraspeckle targeting by SFPQ is underpinned by extensive coiled-coil interactions mediating polymerization.
Polymerization of SFPQ is essential to the formation of paraspeckles
As SFPQ has been shown to be essential for paraspeckle formation (40), we next chose to use our knockdown-rescue assay to investigate the importance of the coiled-coil interaction motif for polymerization of SFPQ in the formation of paraspeckles. Fluorescent in situ hybridization (FISH) using probes against NEAT1 lncRNA is the gold-standard marker for paraspeckle localization and can be used to count the number of paraspeckles per cell. Against a background of siRNA knocked-down endogenous SFPQ, we transfected HeLa cells with siRNA-resistant GFP-fusion proteins and counted the numbers of paraspeckles (NEAT1 foci) per cell. Cells lacking SFPQ and overexpressing GFP alone had significantly reduced numbers of paraspeckles, commensurate with no rescue, while rescue with recombinant full-length SFPQ restored paraspeckle numbers to wild-type levels (P < 0.0001, Figure 7b ). Full-length mutant SFPQ is, however, unable to restore paraspeckle numbers, yielding a similar number of NEAT1 foci to the GFP-only case (P < 0.0001, Figure 7b) . Thus, the presence of an intact coiled-coil interaction motif is absolutely necessary for the essential role of SFPQ in paraspeckle formation.
DISCUSSION
Our studies suggest that the coiled-coil interaction motif in the SFPQ polymerization domain is critical for paraspeckle formation, targeting SFPQ to paraspeckles, binding DNA and mediating transcriptional regulation. Our SAXS data further support the notion that this polymerization is dynamic and reversible, suggesting a mechanism for regulation via equilibrium into and out of the polymerized state. The polymerized protein-DNA complex is readily observed under the electron microscope.
The structural studies described here have revealed a remarkable and highly unusual protein arrangement where extensive coiled-coil structures link functional globular domains. Examination of secondary structure element length in the complete PDB reveals that the SFPQ ␣-helix is the longest single ␣-helix found in the structure of a nuclear protein: other long helices are found in numerous myosin-related proteins, viral spike proteins and proteins implicated in extracellular roles such as cell adhesion, clotting and chemotaxis. Only two known structures with equally long ␣-helices have any relevance to nucleic acid metabolism--the enigmatic vault ribonucleoprotein compartment (PDB code: 2ZUO) (41) and the E3 ligase protein TRIM25 (PDB code: 4LTB) (42) . The observation of a protein that can easily span 25 nm, that is involved in nuclear bodies of minimum dimension 300 nm (43) points to the exciting possibility in the near future of reconciling atomic structure with microscopic ultrastructure.
It is known that paraspeckle formation is initiated with transcription of NEAT1 lncRNA (23 kb), which acts as a structural scaffold, nucleating the bodies by recruiting SFPQ and other essential paraspeckle proteins (13, 44) . Paraspeckles have recently been shown to play a role in the cellular response to viral infection and other stresses, primarily via the sub-nuclear sequestration of SFPQ. Under these conditions, paraspeckle formation and subsequent SFPQ sequestration prevents SFPQ from acting at chromatin to regulate important target genes such as IL-8 and ADARB2 (9, 37) . Interestingly, through overexpression of portions of NEAT1, Imamura et al. showed that SFPQ sequestration only occurs when NEAT1 is of sufficient length (9) . Our data, added to this, raises the possibility of involvement of multiple binding sites on NEAT1 to recruit multiple polymerizing SFPQ molecules as critical for paraspeckle formation and sequestration of SFPQ.
The polymerization of SFPQ is underpinned by the coiled-coil interaction motif. This region is linked to SFPQ's important roles in cancer. Chromosomal translocations of SFPQ resulting in a fusion protein are well documented; SFPQ fused to the transcription factor TFE3 in papillary renal cell carcinoma (45) and fused to ABL kinase in acute lymphoid leukaemia (46) . Both resulting fusion proteins consist of the N-terminal 662 amino acids of SFPQ followed by the partner protein (TFE3 or ABL kinase) at the C-terminus. In particular, it has been speculated that constitutive activation of fusion ABL kinase, essential for transforming activity, is mediated by an oligomerization domain within SFPQ (46) . This fits with our findings of polymerization of SFPQ via the coiled-coil interaction motif that is contained within the fusions. Given this new-found structural knowledge of SFPQ, the door is now open for future structure-based development of an inhibitor of SFPQ polymerization as a potentially useful therapeutic.
Interestingly, there already exists an animal model demonstrating the functional importance of the coiled-coil interaction motif to DBHS protein function. Drosophila nonA is the invertebrate ortholog of DBHS proteins. The nonA diss allele encodes an arginine to cysteine mutation at a position equivalent to SFPQ R542 (Figure 2a , yellow circle) exhibiting a severe neurological phenotype with global defects in viability and courtship song (47) . This point mutation could potentially result in destabilization of the coiledcoil as cysteine is heavily under-represented in coiled-coils (only proline is less prevalent). It is also possible that constitutive polymerization of nonA may result from this mutation, as C542 residues of neighboring units in the polymer would be within 5Å and could potentially form a disulfide bond in a conducively oxidative environment.
Further, alterations in the functional aggregation propensity of SFPQ, potentially via mutations within the polymerization domain, may also play a role in human neurodegeneration. In addition to the drosophila nonA diss neurological phenotype described above, SFPQ has strong expression in the developing zebrafish brain, particularly in regions enriched for neuronal progenitors and ablation of SFPQ in the zebrafish embryo shows a brain phenotype within 28 h (2). In human disease, changes in the subcellular localization of SFPQ and its heterodimeric partner NONO have been observed in neurons of Alzheimer's disease and ALS patients (48, 49) . In regard to ALS, it is also intriguing to note that a significant number of paraspeckle proteins have known ALS-causing mutations (6 of ∼40 proteins) (40) . These six proteins (FUS, EWSR1, TDP43, TAF15, SS18L1 and HN-RNPA1) are prone to aggregation when mutated or mislocalized to the cytoplasm (19) . As SFPQ shares similar traits of functional aggregation and paraspeckle enrichment with these proteins, it is possible that SFPQ may also play a role in the pathways perturbed in ALS, and studies are underway to investigate this possibility.
The dynamic and functional aggregation exhibited by SFPQ thus explains its ability to participate in many cellular processes, modulated by local protein and nucleic acid concentrations, thereby providing temporal and spatial regulation and potentially reducing biological noise. A general model for DBHS participation in these processes could involve a seeding event, such as binding to a hotspot in a nucleic acid (e.g. a specific DNA promoter sequence, a DNA double-strand break or a binding site on a long non-coding RNA), followed by condensation of additional DBHS dimers via protein-protein and protein-nucleic acid interactions (Figure 8) . Such an assembly, as observed by electron microscopy (Figure 5a ), would provide a large local concentration of other peripheral domains of DBHS proteins thus allowing the bulk recruitment of additional factors which could be crucial in mounting a rapid response to DNA damage or a transcriptional event. Similar themes are emerging to explain the involvement of higher order assemblies in signaling complexes (50) . Interestingly, the network of coiled-coil interactions observed in the crystals, is redolent of a fibrillar gel. This fibrillar potential is reminiscent of recent discoveries that several other paraspeckle proteins, namely FUS, EWS and TAF15, harbor low complexity domains that form reversible, fibrillar functional aggregates in vivo and in vitro (51, 52) . These fibrillar mesh networks with liquid like and phase-transition properties mediate the recruitment of the C-terminal domain of RNA polymerase II to promoters, resulting in strong transcriptional activation (52) . Analogous to these low-complexity domains, the findings presented in this study offer a framework how a common coiled-coil domain, in combination with nucleic acid binding domains, can form reversible functional aggregates. This framework provides new insight into the multi- functional biological implications of SFPQ in the organization of dynamic sub-cellular structures and gene regulation.
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